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Abstract
Lung diseases are very common among several patients such as; asthma, chronic obstructive
pulmonary disease, lung cancer, cystic fibrosis and pulmonary fibrosis. In many of these diseases we
already have inhalation therapies, however; for others we have only systematic administration.
There are also diseases of the lung that cause pulmonary hypertension and architectural damage to
the lung such as; emphysema and bronchiectasis. Several of the drugs currently administered
intravenously are being investigated whether they could be transformed and delivered as aerosol
therapy. We will present the methodology that can be used and has been used for several drugs.
Key words: aerosol, devices, inhalation, milling, mastersizer, droplets, particles.

Introduction
Currently there are several drugs that are being
administered by inhalation either as aerosol or
powder for lung diseases. It is very well known that
for asthma and chronic obstructive disease (COPD)
we use nebulisers, metered dose inhalers (MDIs), and
dry powder inhalers (DPIs) for the delivery of
inhalational bronchodilators and corticosteroids [1].
Moreover; there are inhaled antibiotics and inhaled
drugs for pulmonary hypertension already on the
market [2, 3]. It is known that there are several factors

affecting the distribution and absorption of an
inhalational compound. Also, the administration is
affected by several factors. The distribution and
deposition is affected by the stage of the underlying
disease and whether there is exacerbation when the
drug is administered, the mass median aerodynamic
diameter (mmad) of the particles (should be <5μm),
local transporters and gene expression on the
bronchial tree, humidity of the airways and solubility.
These factors will be thoroughly explained in the
http://www.jbiomed.com
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following sections [4]. In the current work we will
present methods that can be easily used by clinical
doctors in the laboratory in order to repurpose a drug
from one form to another based on previous
published work from our institutions.

Transformation methodology
In several experiments that transformed a drug
from powder or pill to aerosol, usually the procedure
of milling was used with a planetary ball mill (Frisch,
Pulverisette-5) equipped with Agate bowls (500 ml)
and 8 balls (20 mm, 20 g) with a high rotational speed
of approximately 200 rpm. Drugs such tyrosine kinase
inhibitors (pills) and antibiotics (pills/powder) used
this method to transform the pills into powder or
decrease the size of the powder in order to have
mmad <5μm (Figure 1). In order to measure the
mmad we can use a cascade impactor or a mastersizer
system. A mastersizer system is easier to use in a
laboratory, while the cascade impact is usually used
in the industry (Figure 2). The size distribution of the
droplets and their mean diameter (d32) can be
calculated using a Malvern Mastersizer 2000
apparatus (Malvern Instruments Ltd, Malvern,
Worcestershire, UK) equipped with a Scirocco
module (Malvern Instruments Ltd, Malvern,
Worcestershire, UK). The device can be modified as
for the user to be able to spray the generated
droplets/powder directly perpendicular to the laser
beam (i.e. [5-9]). A refractive index of 1.33 is used for
the sprayed droplets. The measurements are
performed under ambient temperature. For these
measurements to be accurate especially when aerosol
droplets are being measured we have to take into
serious consideration the solubility of the compound,
if the liquid is extremely colloidal then the
measurement has to be performed several times and
the apparatus has to cleaned thoroughly between the
measurements, and for each measurement. Moreover;

2
pharmaceutical companies often use freeze-drying to
increase the shelf life of the products, such as live
virus vaccines, biologics and other injectables. By
removing the water from the material and sealing the
material in a glass vial, the material can be easily
stored, shipped, and later reconstituted to its original
form for injection. Another example from the
pharmaceutical industry is the use of freeze drying to
produce tablets or wafers, the advantage of which is
less excipient as well as a rapidly absorbed and easily
administered dosage form. Freeze-drying is
a dehydration process typically used to preserve a
perishable material or make the material more
convenient for transport. Freeze-drying works
by freezing the material and then reducing the
surrounding pressure to allow the frozen water in the
material to sublime directly from the solid phase to
the gas phase.

Figure 1. Milling equipment

Figure 2. Mastersizer 2000
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Figure 3. Parameters affecting the drug development and experimentation

Aerosol Administration
There are several factors affecting the production
and deposition of aerosol droplets or particles (Figure
3). We should try and divide these two methods of
drug administration separately. Aerosol droplets
need a system which will make a solution into aerosol
in this case we can use a nebulization system which
could be an electrical powered device or mechanical
powered device with a springer such as with the case
of Spiriva Respimate®. Regarding the production
system for aerosol droplets the following parameters
have to be considered: a) design of the residual cup, b)
nebulizer oxygen or pressure flow rate, c) taping the
residual cup during nebulization, d) residual cup
loading, e) chemical structure of the drug, f) viscosity,
and g) surface tension. The Regarding the aerosol
particles the following parameters should be
considered upon design of the experiment: a)
inspiratory capability of the patient, b) the particle
should have both x and y axes as close as possible,
otherwise if one is longer then it is more irritating for
the respiratory tract and cough is more often, c) drug
concentration, d) drug structure, e) saving the drug in
a room storage under conditions that do not induce
grinding. In any case for both methods the following
should be considered which are connected with the
site of the drug deposition within the respiratory
airways: a) humidity (>99%), b) airway temperature
(37°C), c) surface tension, d) droplet or particle size
less than <5μm (otherwise the drug will remain in the
upper respiratory system) and e) underlying
respiratory disease or exacerbation of the disease (e.g.
asthma,
chronic
obstruction
pulmonary
disease-COPD, interstitial pulmonary fibrosis-IPF,
lung cancer, cystic fibrosis, atelectasis and thick

mucus). Regarding humidity; it has been observed
that a particle or droplet size could increase up to 50%
while travelling through the airways from the upper
to the lower respiratory tract [10]. Moreover;
increased salt in a drug increases water concentration
in a particle or droplet up to 25%. Local factors of the
airways such as the macrophages, transporters or
local gene expression play a role in the absorption of
the drug and these are parameters that can be
modified. The patient target group should be
considered as some devices need synchronization
upon device activation and patient inspiration [4,
10-23]. Breathing patterns also modify the deposition
of aerosol within the airways, and therefore correct
usage of inhalable devices is necessary. Moreover;
deep inspiratory efforts are necessary for efficient
aerosol deposition. Underlying disease affects the
inspiratory capability of a patient and therefore the
appropriate administration device must be chosen for
each patient, or even might change upon disease
exacerbation [20].

Lung cancer treatment
In the past ten years more than ten non-specific
anticancer drugs have been administered as aerosol
either in the setting of a clinical trial (Phase I/II) or an
animal laboratory [24]. Moreover; novel tyrosine
kinase inhibitors (TKIs) have been also transformed to
aerosol formulations with the concept to be
administered in future studies [25]. The following
drugs
have
been
investigated
as
aerosol
administration or dry powder; gemcitabine,
carboplatin, cisplatin, bevacisumab, paclitaxel and
docetaxel [24]. Regarding TKIs there are no clinical
data as local treatment for now, however; regarding
non-specific anticancer agents there are clinical data
http://www.jbiomed.com
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in favor of this local treatment modality. However; the
safety issue still remains since adverse effects such as
non-specific inflammation of the airways or
pulmonary edema was observed at least for
gemcitabine and paclitaxel [24]. We should take under
consideration that the formulations administered
were not designed for the airways therefore possibly
novel compounds should be considered [26, 27].
Moreover; all trials were performed either in patients
with advanced stage disease or as a short term animal
experiments, therefore the safety matter was not
properly assessed since an extended time of
observation at least more than 6 months is necessary.
In the studies by Zarogoulidis P. et al. [15, 28] it was
observed that the residual cup design along with the
jet-nebuliser could increase the small droplet
production. Also, the clinical translation of the aerosol
production combination was performed in NSCLC
patients. Until now there is only one study that was
performed for early stage operable lung cancer with
the concept to check the infiltration of the mediastinal
lymph nodes from aerosol cisplatin. In this study the
aerosol cisplatin was administered before curative
surgery [29].

Pulmonary Hypertension
Pulmonary
hypertension
occurs
either
idiopathically or is caused by several underlying
conditions. In some situations it is life-threatening and
therefore early diagnosis and treatment is necessary.
Currently treatment is administered by several
methods such as; intravenously with a pump, oral,
subcutanesously and as aerosol. Iloprost and
treprostinil were two of the first drugs to be
administered as aerosol. Nitric oxide, sildenafil and
epoprostenol more recently are also used as aerosol
[30, 31]. Tyrosine kinase inhibitors such imatinib,
erlotinib, gefitinib have been also investigated
whether they could be administered as aerosol.
However; in the study by Pitsiou G. et al. [25] it was
observed that gefitinib could not be transformed at
least with the presented methodology as aerosol.
Bosetan was also transformed in order to be delivered
as aerosol [31]. In the study by Huang H. et al. [31]
with the drugs bosentan, pirfenidone, treprostinil and
sildenafil after milling and several experiments it was
observed that the role of the residual cup design and
jet-nebulizer choice were the most important factors
for small aerosol droplets. Moreover; a novel
rho-kinase inhibitor called fasudil was administered
as aerosol in mice and the current study presented
favorable data that the administered compound could
be a future treatment [32].

4

Antibiotics
Inhaled antibiotics are on the market for several
years now. Several antibiotic compounds were
introduced in the market along with a specific device
that was appropriate to deliver more efficiently the
powder or aerosol by inhalation [2]. The following
antibiotics are already on the market or have been
investigated for aerosol administration; Tobramycin,
Aztreonam, Gentamicin, Amikacin, Fosfomycin,
Clolistin, Amphotericin, Isoniasid, Rifampicin,
Capreomycin,
Levofloxacin,
Ciprofloxacin,
Doxycycline, Clindamycin and Telithromycin. Several
of the antibiotics were administered in their raw form
or as a novel compound in order to enhance the
absorption [2]. The different methods of the aerosol
administration can be found on Table 1 [33-47]. The
drugs have been administered for pulmonary
infections in several conditions such as; pneumonia,
cystic fibrosis and bronchiectasis. The major adverse
effects
were
cough,
dysgeusia,
dysphonia,
bronchospasm, pharyngitis, pneumothorax, tinnitus
wheezing and hoarseness of voice. In the experiments
by Zarogoulidis P. et al. [9, 48] with
ampicillin-sulbactam,
meropenem,
ceftazidime,
cefepime,
piperacillin-tazobactam,
linezolid,
vancomycin and daptomycin it was observed that
again the residual cup design along with specific
jet-nebulizer compressor parameters were the most
important factors affecting the small droplet
production.

Discussion
We still need a universal respiratory model in
order to quickly and efficiently investigate the safety
and efficiency of novel molecules. In Figure 4, a pig
lung is used right after it was euthanized, we used a
pump with several connecting systems in the large
vessels in order to simulate a living animal. The lung
is inside a plastic box with negative pressure
simulating the respiration movement, and through
the trachea aerosol compounds are administered. We
have only four hours until edema occurs in the
alveoli. Taking alveolar lavage after aerosol
administration of tissue samples we can evaluate the
short term toxicity of each drug administered. This is
currently our methodology until we evaluate and
agree on other respiratory models.
In the next five years we expect new drugs for
pulmonary hypertension and pulmonary fibrosis to
be designed and administered in clinical trials in the
form of a sustain release system with long term
absorption. Regarding chronic obstructive disease,
there is currently an effort to produce novel molecules
combining drugs such as; bronchodilators plus
http://www.jbiomed.com
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corticosteroids, plus ipratropium and simultaneously
keep a small droplet/particle size in order to
efficiently penetrate deep into the lung parenchyma.
Table 1.

Conclusion
Novel molecules that can combine several are
necessary as in the case of COPD where a triple action
treatment is necessary to deliver simultaneously a
bronchodilator, corticosteroid and ipratropium
bromide. An important factor affecting the

inhalational treatment is the toxicity of drugs to the
lung parenchyma, therefore preclinical studies are
necessary in cell lines and possibly in animals. The
underlying disease and disease stage much be taken
into account before administering a drug or before
choosing a drug for administration. In order to
administer a drug as aerosol or powder we need to
have a device which will enable the administration
and possibly enhance the drug delivery.

Table 1. Methods and Models of aerosol deposition evaluation and enhancement
Durand M, Pourchez J, Aubert G, Le Guellec S, Navarro L, Forest V,
Rusch P, and Cottier M.
McCormack P, McNamara PS, and Southern KW.
Willis LD and Berlinski A.
Vecellio L, Abdelrahim ME, Montharu J, Galle J, Diot P, and Dubus
JC.
Stegen K, Neujens A, Crombez G, Hermans D, Van de Woestijne KP,
and Van den Bergh O.
Caille V, Ehrmann S, Boissinot E, Perrotin D, Diot P, and Dequin PF.
Britland S, Finter W, Chrystyn H, Eagland D, and Abdelrahim ME.
Coates AL, Green M, Leung K, Chan J, Ribeiro N, Ratjen F, and
Charron M.
Pitance L, Reychler G, Leal T, Reychler H, Liistro G, Montharu J, Lab
T, Diot P, and Vecellio L.
Wee WB, Leung K, and Coates AL.
Tiemersma S, Minocchieri S, Lingen RA, Nelle M, and Devadason SG.
Pitance L, Vecellio L, Leal T, Reychler G, Reychler H, and Liistro G.
Rao N, Kadrichu N, and Ament B.
McCormack P, Southern KW, and McNamara PS.
Skaria S and Smaldone GC.
Fadl A, Wang J, and Zhang Z.

Deposition evaluation model with classic nebulizer or 100Hz acoustic airflow
Two different breathing modes were evaluated
Survey on aerosol administration in tracheostomized children by pediatric
pulmonologists
Disposable versus reusable jet nebulizers
Negative affect of CO2 addition in nebulization
Nasal additional oxygen delivery during air-driven jet nebulization increases FiO2
Different aerosol formulations interact differently with the solutions and tissue in the
respiratory system.
Superiority of the investigational eFlow® by producing the same amount of aerosol in
half time in comparison to PARI LC PLUS®
Sidestream® jet nebulizer with and without corrugated piece of tubing
A proposed aerosol evaluation model i) mathematical model derivation, ii) in vitro
testing and iii) in vivo testing.
eFlow® nebulizer system more efficient in comparison to Intersurgical® Cirrus jet®
nebulizer and pressured meter dose inhaler with an Aerochamber® for drug delivery
to preterm infants
Sidestream® jet nebulizer with and without corrugated piece of tubing in six healthy
spontaneous breathing volunteers
Refrigerating the impactor down to 5oC prior to aerosol measurement produced by
vibrating mesh vebulizers
Automatic data recording of patient adherence to aerosol administration
Omron NE U22 was evaluated in comparison to Pari LC Plus® and Sidestream®
Metered dose inhaler mouthpieces were modified in order reduce the inertial
impaction in order to reduce aerosol deposition to the oral airway

Figure 4. Blue arrow indicates the pump, red arrow indicates the trachea entry, black arrow indicates a large vessel connection
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Figure 5. Cisplatin powder under confocal microscope
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